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The Field Emission Initiated Vacuum Arc. 1. Experiments on Arc Initiation®
WP Inae. BN Fuaeas, B ECMans, ase J. B Bapore
1"sies Depaetment, Linneld College, MeMinnville, Ovegon

(Receiver]l Marc) M1 1083)

Tt s Rrowvn that elestocal Teakibnon Between metal elevtrodes can be initiated by geld emisaon, The
present work converns a turther stu-v of that initiation process undee conditions of excellent vacuum and a
dean cathode sueface,

As the neld current density trom the single cevstal tungaten emitter is continuously increasesd, the normal
cmissien e teennnated by an explosive vacuum aree. Since thic hreakdown accurs in less than a microsecond,
the expuetanentad olnervations were ahtained by use of pulse elec teanic technigues, ‘The magnitude of the elec-
tric fiehd, carrent gensity, gl work function at the cathide were simultanenusly determined prior to hreak.
dhown. From this investigation it has been established that

(1 the sacuum are was initiated at & critical value of the fiell current density of the onder of 1P am.
peeres oy,

{3 breakodonn was preddictable and ot ramlom; in fact eanily recognizable conditions nreceding are
tormation have leen establishod; &t current denaitice just below the critical value, an eleciron emimion
provess was observed, which appareatly involved both high electric fields and high temperatures;

3 are formation did ant require cathiele hombardment Ly material feom the anmle or from residual
Rinen;

() breahdown was independeat of the applicd mictoscimnd voltage in the range S <1 <00 kv, provided
the critival current density was not excervded ;

(84 the current during arc exceeded the initiating ficid cutrent by a (actor of at least 10,

INTRODUCTION

TGH tiebi current densities are known to initiate

clectrival breakdown between metal electrxdes in
vienum' but the mechanismys involved in the initiation
of that breakdown bave not been well understood.
The present work concerns i further study of the prob-
lem and is one of a series of investigations concerned
with phenomena accompuinying ticld emission of clec.
trons at very birge current densities,

Field emission was recognized as an initiating factor
for the breabdown of stativ potentials of the onder of
10 kv between metal electrodes in vacuum in earlier
experiments.? ¢ When the static potential was increased

1 the order of 100 kv, electrical breakdown was in-
creasingly dependent on total voltuge! in contrast
with its dependence on electric field at lower voltages,
In other experiments,!** when high voltages were
applied for short time intervals, beeakdown was de-
pendent on the electric tield 2t the cath-ule. In some
experiments, breakdown wis thought to be initinted by
various mechanisms involving anode materinl 3474
however, more recently, positive fon emission coefli-
cients have been found insuflicient® for a proposed

* Mast of the supgort for this work was extende] by the (1, 8,
(ifice of Navpl Kenearch; in part it was supported) Iy the 11, 8,
Air Foree through the Micromave Lalmratory of the Cnivenity
of Califurnia.

' “ P. ke and J. K. Teolan, Phys, Rev, 89, 700 (j084,

Ahcarn, Phys, Rev, 88, 25 (1046),

'\s I1. Hennett, Py e, Rev, 39, 182 muun 416 (1942),

'} G Teamp anet K. J. Van de Graafl, J. Appel. Phea, I8, 427
11937)

'\\ "Kifgmtrik, Repmrt of University of Californin Radinthn
Lalsratory (unpublished),

11 H. Ganntenan andd 13110, Shan, Phys, Rev. 82, $78 (1080,

T I Tenaert, Pthye, Hev, 48, M) ({044),

CLanrenee Cranlerg, J. Appl. Phe, 28, 818 (1082

* Wetater, Van e Graafl, aml lmmp.) Appel. 28, 2o 1 1d Dy,

particle inter haag. me-hanism.! Adsorbed gas on the
cathode surtace’ e ecslual gas in the experimental
tube? have been considered in other proposed explana-
tions for bhreakdown. Few of those earlier experiments
were favored by the high vacuum and clean surfaces
available through recently ddeveloped  technigues. i
Electrical breakdown generully was observed at calcu-
lited values of the electric fiekl about an order of
magnitinde less than that requirel theoretically'? for
appreciable fiekl emission. It was supposed in most
viases that the electric fiekd was intensitied in the vicinity
of surface irregularities which could not be resolved by
optical microscopy, Arcing at clectrical contacts on
vlosure in air was recently recognized as being initiated
by fickl emission ut voltages leas than 10 volts 10

Neither clectrical breakdown nor appreciable fiekl
emixsion was observed for values of the electric fiekl
lest than those for which field emission is predicted
theoretieally when very high vacuum and smooth, clean
vlectrode surfaces were obtained. Under such conditions
andd with static potentials less than 20 kv, the field
current density from a tungaten single crystal followed
the value predicted by the wave mechanival fiekl
emission theory'? up to a current density of the onder
of 100 amperes em?.b18 AL larger direct current densities,
clectricnl breakdown was observed.! Under aimilar
experimental conditions when microsecond potentials
up to X 30 kv were used, the fiekl current density in-

»N, T lh\nni and 1, A s Rew, 8dl. Inm. 21,6, 871 (1sf,
"W, Nottingham, A racts of Fiekl Emission Semninar,
I.inﬁrl-“ullmt 1982 (ll wibliahed),
A Sommerfek! aned H. Hdht. lhnﬁub dev Physik ).
Kpringer, Herlin, W!. \ol M, No. .
n W dehotthy, /,. ri.yuu 4.
w1, Germer, J. !.\8 (IﬂMl; II.U (l‘&l!
Wi it nmnnml Am“ VN, ..\! (1)
SR Nacter, 2.0 ﬂh Hl Mul
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crvased wath apphicd petestial in the maner predicted
by the theory when space urge elfedds were aoog
nized np tosritical vurrent densite J, i the vamge
1000 10 amperes vt Ve a further ineorense in
current alensity, the normal fickl emission was tepmi.
tatesd by i denveimpesdhime vicuum are which altered
the emitter geometnn . Exidense feboted  that the
vacuuim are was caisst hy thermal offests when the
emitter was heated by o current densityadepondent
prsscess, the resistive mes lanism being ane possihitity

It wias rev izt that resistive heating would provide
an upper Hmit for the current Jdensities emitted stably
aml it was desisable to shos whether or not the densities
obtained in pefervave T ooormespondoa to that  limit,
Caleublstions are presented in Part 11 of the present
work fur the wemperature rive exprvted in g typival
fiekl emitter due to the resistive process when the
simultancous dissipation of . hext by conduction s
consitersd,

i fart 1 oare presental several experiments con-
veriting arc initiadion under conditions of excellent
vacuum and a clean tungsten cathede surface. The
evidenee! imdicated that elactrical breakdown under
such conditons was net dependent on hombaninent
of the cathode by positive ions; however that evidence
was largely indirect and by no means complete. The
vontribution ot such cathode hombardment was evalu-
ated by more direct methinds in the present work in
arder to (1) determine whether or not yet larger current
densities desired for several experiments were physically
attawnable, and (2) better identify the mechanisms
fundamental to arc initistion. Hombardment of the
cathode was minimized when the production of jons
was limited by use of very high vacuum aml clean
electmde surfaces. Bombardment of the cathode hy
chemically active ions, if appreciable, was recogmizedt*
from its effect an the emision pattem from the clean
tungsten emitter, which pattern was viewed in a2 madi-
fied Mueller projection tube® In one experiment,
bombardment of the cathade by ions formed at the
ancde was preciuded by use of a voltage pulse whose
time duration was short compmred with the ion transit
times.

In 2 second experiment, the arc formation was
ohserved with various voltages up to 60 kv of micm-
secordd duration to determine whether or not (1) large
field current densities were emitted stably at high
voltages, and (2) hreakdown depended on tatal voliage
in the manner reported by Trump and Van de Graaff
ender other experimental conditionz. No such effect
was ohserved when vollages were applied for short time
intervals by Kilpmtrick,* Sloan amd Goodman,® and
by Dyke and Trolan;' however the voltages used in
reference 1 were low, ie, S<1"<32 kv,

A third experiment ix deacribicd in which the pormai

weller, Z. Physik 16, 132 (1937),

VEW. M
"l A.ldu. el System Tech. J. 30, 907 (1981,
wE. W. Mueller, 2. Physik 106, S43 (1937),

MAKRIEEN,

VAN BAKBO LR

tolel surrent pred Gooar was compared by diceda
meastreient with the corrent during ar, Lhe magni-
tiede of the Litter was previnsly inferred from the
valtage wiave shape through «irouit analysis,

Anamalbies in the pre-an performance of thee teld
emitter werr obseeved which showed that electeral
bredhedown is predictable and col rmudom under the
preseit experimental coneditings

EXPERIMENTAL METHODS

Fichl rcatission is knewn 1o initiate the eleotrical
breaskdown wlise study is the subject of the present
wark. It therefore appenred logicsl that the imedhunisms
mvalved in the initiation of that breakdown could hest
be wdentitied by an experimental method which per.
mitted a simultaveous determination of the values of
the variables fumilamental 1o fickl emission, i.c.. current
density J, electrie field F, anl work funetion ¢. These
vartibles are related in the theoretivnl expression:?

J = LESX10 81 @) enpl - 6.88 X MFal ) ), i1y

wheee 7 is in amperes em?, F s in volts em, and ¢ is
in electnon volis,

In many of the earlier experiments, unpesolved
surface goomeiey o tin emitter preciwded accurate
calculation of both = .. 7. When field currents were
identifier, use was made of the empirica! relationship™®
bhetween current 7 and voltage 1:

PaCoxpi—8 1, th

which is an adequate procedure provided that Cand B
are constants as supparsed by the authors of Eqg, (2,
who neted the rigorous esperimental conditions re-
yuired for that purpese (very high vacuum amd clean
surfaves). Upder evperimental comditions wiirh are
less favorable but mone frequently reported in earlier
work, signiticant time-dependent chamges in both
and B are expected in view of the recent ield emission
literature. These result from changexs in @ due to surface
contamination''* " ® and from changes in # due both
to the grawth of cevstallites of impurities on the emitting
surface’® and to the surface migration of the emitter
material.? A plausible combination of these effects
results in a change in 7 in excess of a factor of H® at
constant voltage. Use of Eq. (1) when experimental
conditions are such that C amd B are not constant coukl
result in failure (1) to identify fielld currents as sach,
aml (2) to klentify the mechaniam by which field
emission initiates electrical breakdown.

The transition hetween the normal fiekd emission and
the vacuum arc was studied previously' with improved
fiekl emission techniques® thmugh which the values of
clectric field and current density were known accurately
prior to breakdown, Those techniques were again used

"R A, MiBikan aml . C. Lauritaen, I'na', Nat. Acad. Nei.

i LSO, e,
“E W, \luellﬂ' 7. Thysik 123, 642 (19499,

® Iivke, Trolan, Doban, amd Hames, T Al Py 24, 870
[RLATIN
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ae the present pager mnd i sadiditees the values wf the
work Fyio tian of the enitting surhas e were bisowon fnan
previonshy pashlsbed data lor Jean tungsten,” when
the «leanliness of the preswnt emitting o idves wias
determined b azabysis of the eles tron ciesdon pattern
obtained in 2 Mueller projection tule

Ninee the vauuam an is inittated in e than a
mictostomlt it was heoessary o pevand the present
Jata during inedividual time intervals of that order.
Voltage wis apphiend as o palse of i roses ond durstion:
soltage aml current were reoanded s s lographs by
previousty published methoacds® aud data wer aken on
an individual pulse lasis. From measoremenss of the
osillographs, the current-voltage  relationship was
deteemined. A photograph of the electnon emission,
pattern was tahen during each microsecsinl current
prulse.

The present evperiments were coinducted in the
muditted Mucller projection tube, shown in Fig, 1.
Elecirons diverged from  the e cathode ¢ and
impingedt an the anade, 2 phosphor s)oreen 7, where the
enfarged eloctron cmission pattern was viewed. The
sreen, n thin laver of willemite (i mg em®) was de-
posited on the inner surface ov one hemisphere of the
Pyvrex envelote by the laequer fow methad. In order to
provide a low-impedance ntnde which would conduct
are currents of the opder of 1M amperes without
sighificant anede potential sdrop, a thin layer of alumi-
num {180A), connectied electrically to the anade insenl
1, was evaporsted onto the inner surface of the phos-
phat andd on the remaining inner surfaces of the Pyrex
flask. The aluminnm ilm was transparent to primary
ficld electrons with energies used herein ™ it was
relatively opmtue (0 lower-energy seconddary electrons,
" 1o light, and to negative ions, thus limiting emisainn
patiern aberrations due to those causes. Since the
aluminum tilm shielded the cathode from stray fickin
due to charges which accumulate on insulating surfaces,
it was possible to calculate the caithode electric fiekl
accurately from the measured potentinl aml emitter
geometry by previously described techniques.®

Hy ure of the experimental tube in Fig. |, it was
possible to ohserve & series of electron emission pattetms
whith were expossd during individual microsecoml
intervals at successively increased values of the applied
petential during the transition fros the normal fiekd
emission tu the vacuum arc. From the >miesion jattems
it was possible to detect surface contanvinants, crystal-
lite growth, and surface migmtion or other geometric
vhange at the cathade. It was alaso pomsible to monitor
residual pressure of chemically active guses and to
detect R traversal by anode s

Pressures of chemially active gases of the onler of
10 * mm of Hg which were used) in mast of the present
work were abtained by methads discusaed in references
1 ami 11

=M. I Nichok, Phvs. Rev. 5T, 297 (1990
W1 W, Fyntein and 1. Penak, RCA ke, 7,5 (1o,

FrE iy MisstoN INPEIATED VACEHE M ANRC, 1113 X

Fao. L. Expetimental fiekd emission tube, (), fiekl
vathede; ' A1, aluminum Lacked willenute amnie.

Taa change. '« the valtage pulser of reference | are
neteed, Ie the Jcant work, §-microsecond pulses were
obained from an artificial line, while shorter pulses
werr abitainesd from a Tikohm coaxial cable. For high-
voltage microsecond operation, 1 100-kv, 100-ampere
pulse  transformer, suppdied by the University of
Califurnia Radintion laboratery, wis used.

RESULTS AND CONCLUSIONE

1. Coincident Anemalies in the Current Pulse and
Emission Pattern Which Mark the Onset
of Breakdown

The esperimental data from emitter 0-38 were
reconded as shown in Fig. 2. Each emission paitemn
photograph and the ascillographs of the current and
voltage waves with which it was coincident were
ohtained during a single-microsevond interval of opera-
tion. From those sl other similar data from the
same emitter, the current-voltage relationship for its
combined direct current aidd pulael operation was
pluttedd in Fig. 3. In thet figure, the several experimental
points which are lettered correspond to the data with
the same letters in Fig. 2. These data are typical of that
from each of fifteen emitters which were tested.

The present study of clectrical breakdown  will
consider the data at the lange current extremity of the
graph in Fig. 3; however, a brief parenthetical comment
an the rest of the data in that figure may be instructive.
The graph departs {rom linearity at , such departure
being similar to that obecrved for other emitters.!
The departure was assumed to he an effect of space
charge o the coll cathode emission, Figure 13 of
reference | deacribed the probable effect of the space
charge upon the surface distribution of the fiekl current
density, That result is gualitatively confirmed by a

- .
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Centtigs s wrtr ol The ctiission o Terns i bas, D asul
Sl The turoer was tahen the bargest current for
whivte spare Darge was neghgible ; the Litter corres-
powds 1o marhed space-chargy inflience A may e

e atnr
amjerr

LR 2 %%

«wen feopn the corresponding emission patters, $ig, 2010,
wiee hsrge resultesl inoa relatively uniform current
density texcept in the high work function (1HY) crystal
shirec tionsy over an increased emitting aren including
mst of the emitter hemisphere. The correlation hetween
current density, s restatlographic direction aml emitting
areas an the surface of such heaiispherical single crvstad
tungsten tickd emitters ix deseribed elsewhepe 7536
mnpe quantitative analysis of the effects of yuee chargee
an tield emission witl be sulinitted for peiblicatasn at
a later date,

Masrkesdd chunges i the normal perfermance of the
ekl emitter were olwerved just prior o ckectrieal
bhreakdown, Anmmalies appearsd hoth in the current
wave shape and in the emixsion pattern during 2 30
percent increase in current density 1o the critical value
J. at which are resubted. However, if are was avoided
Ly keeping the current density below J,. those pre-are
anomalies, and the entire performance of the emittes
at all lower current Jdensities were reproeducible and
res orsible.

S h 0 T ampere

&8

g .-- &3 XI0 Y smpwre

B

LR LY

Fio. 2. Typical superimantal dats a8 recorded for emitter 0-38 inchuling emimsion pattern phetographs (left) and

curvent and voltage voltage oscillographs (right) at various cerrent and

voltage levels. Data are fettered

to points with the same

corresponding
lawmthep:mdlu..! mndmmtwnu(l).phumm at (C), (D), (F), annt (F). Pecubiarities at the leading and

trailing edges of the current pulse were due to circuitry, snt
% [. N. Stranski and R. Subkrmanu, Aan. Physik 1,7183 (1947).
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(e of the pre-arc anomalies in emitter performance
was an increase in current with time while valtage was
hek! constant [Fig. 2(Fi7]. That anomaly, previousiy!
called *“tilted current pulse’ amd abbreviated as “vilt”
hereafter, was not characteristic of the coitl cathode
field emitter. The normal fickl current was constant
when voltage was constant as was expected [rom Enq.
(D). Such a normal current pulse is shown in Fig. 2(IN,
which was typical of that obtained frem lower currents.

With the tilt there appeared simultaneously an
anomaly in the emission pattem, a “ring” of electron
emimsion concentric with and extermal to the normal
pattern [Fig. 2(FY). Evidently the ring was not due to
electron emission under the influence of electric field
alone, since the increase in ring intensity during the
series of patterns 2(D) through 2(F) was consislerably
greater than that expected from Eq. (1) for the 3 per.
cent increase in applied potential during the series. The
expected change in current density was a factor of 1.6,
while the obmerved change in intensity in the ring was
in excess of an urder of magnitude, based on an estimate
aided by & densitametric analysis of the photographic
negatives of the emission patterns.™

% Dyke, Trolan, Iolan, and Grundhauser (tn he puhlished},

— |
-‘ R

et
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-- B0V s Yy
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L 21 3 %Y

Continned.

Electrical breakdown in the form of an explosive
varuum are occurred when the applied potential was
increased 1 percent to 2 percent above the value for
which ring and tilt were observad for cach of four
emitters which wete so tested, Ring and tilt were thus
identified with the onset of electrical breakdown, An
important ohaervation is that clectrival breakdown
was predictable and not random as often supposed.

Since clectrical hreakdown wax predictable, it was
avoided to prevent the usual emitter damage which
accompanies Lireakdown [Figs, 8¢ and 77, in onler
to obtain the electron micrographs of emitter @ 38
shown in Figs. 4(.A) and 4(B). From those micrographs
the emitter peometry was determined as an aid to the
calculation of both electric tiehl and current density .=
The emitter was stable during ring and tilt, as judged
from the reproducibility of its nerformance (including
ving and tilt) as shown in Figs. 2 and 1.

Ring and tilt were ohaerved at a critical value of the
current density in the range for which electrical break-
down was observed for other emitters.! The critical
density J, = 6X 10" amperes/cm? for the present emitter
was calcvlated from Eq. (D of reference 1. J, was
approximately the average current density through the

,
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ventfer cfoss sestion XX in bl $08, that pretde of
T e baase an eaneiiend of Py § R ariher
it s Lastas anieited $o00 The Pt iestte abisaersalion” shut
e irival baeddadan s mitiated In o current densiny
deperdent meshanian wsler the present evperimentald
venulitions

Browill b sheavn in 3Part T of this japeer that cmitter
tempeeralute L ppdads hivge the elting peeint of tupgsien
i~ e e fromm the resistive generation of beat during
the eiission of curreat densitios approsimately equal
1 the sdnenved values of J,. 1t is presently suppussed
that the rin amd til, amd the electrical hreakdown
which they precede, were initinted by thermal effects
acvompanving  that  tempematare increase. Tt follows
from the resistive mechanism that the emitter tempera-
ture increases with time during microseenind intervals
ol operation am! from the theory of Guth amd Muflin®™
that sn b a temperature increase wouh catre a corres-
ponding increase of current density with time, Thix
wifect is presumed to account for the tilted current pulse.
Since the rimg and tilt oveur simultaneously, and since
neither van be accounted for by cald cathade ekl
emission iinne, as notedd above, it is prohable that bath

- gL & DRECY CUAMENTS
taty OMAILD CURRENTS
K 90ATA REPRODUCED
-al \ CETTIR O3
'\.hc
- 8] *\
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&
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Fii. 3. Current voltage relal for combined direct current

ane) patnest aperation f emitter 0-JR, lhh at (i, {(Ch, (I, (B,
and (F), correspumnd tunh--huuih:mhmnh}'h
mesanmnm:dmu‘l anomelies
in lhe dofmal ERusioR [T el Secirsl berakdonn were
olmesved frm (1 10 tF),

“l' (-ulllnd( J. Mublin, Phys. Rev. 81, 3 (1942).

el s are due to eltcieon emicsion ot hish teld Gl
Lagh Temperatuse,

Voailabdy evidenee bndieates that the temperature
revusresd for ring snd U was sear the melting pout
of Jumpsten, Evaporated emitter materiad apgusr | 1o
twe the warce of the esitive Jons which are required to
mentrsliae spase charge during the lapte incorense in
ctrrent acoomgsanying the transition from sield emission
B vacyum arct Temperatares i evoess of the melting
pwint ane required for the ohservesd deformation of ﬂw
cathede during arc U"igﬁ. 5.0 amd 77 Furthesmaor
the ins rease in ring intennity during the series of Fi u.~
2eln through 2tF) was uunuimxhh greater than the
vurrent density increase predicted theareticaliy™ {nz
temjwratures less than AN0°K to which the theory s
Timited. When the emitter wax heated to 21000 K from

gy

bind

. . &J¢ !

vy

Fri. & (A and (#1, electoon mgmuh of twa profiles of
emitter u A at W with tespect tn each uther; ', rmi:nnu
jmitern photagraph frm emitter 0-3K vlrsmr;l mth Fig. 2.
iih, an mlargroent of (B, shoss ring emitting area XX,
miniPAm enitter chee sectiun VX wherr current density was
niaximum; sivies 1 and 11 correspetid to these sides of the pattem
at (" 0 the pular angle for the approximaic hemispherival
emitler tips was measurnd relative to the apex.

an external heat soupce dits support dilament) the
emitter was stable during the emission of microaecond
current densitics less than J, 3 and no evidence of
ring and tilt was then olwerverd. Presumably tempera-
tures greater than 2100°K are required for those effects.

It ix important to note that the resistive generation
of heat, together with the proedicted™ increase of current
density with temperature, combine in a regenerative
jwocess vielding  further increases in hoth  current
density and tempemature. I, as supposed, the resistive
mechaniam praduces an inereas: in temperature to a
value near the melting point of tungsten, further
increases in tempetature by the regenerative process
witihl lead to emitter msulnlm mnwhrh in view
of the large electrical force on the emitter tip. The
tilt is reganded ax cvidence of that regenerative process,
Emitter instahilitv acvompanied electrical hreakdown
[Fig. 310
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Pire tea ety alin i thoe piZ etitssions ofigtimaded was
wwatend m the apgaesmnate egen KRS [hg B0
Piat prothe of the emiter i an enbirgement of Fig
B theenved onstallographi detail in thae ring at
Soamd on b 3O corpsquands to S FHE onustal
faeee - ' hnd bt # xR B lemeser the
extent s the regton AR aleng the emitter Junk =
useertai 1 was a0t roaibile to gse mestinements of the
dimensinng of the vintesion juttern ring to determine
the area AR e the magtitivation in the # dinection
in that uiet of the cihission pattern was guite snadl due
to the Linge roli of curvature a1 the orresposding
suptaces. Lhis dittapliy prechided oaboulaten of the
maghitide »f the current density from the aea RR
inn the present evperiment,

Fhe chwtrie e nas caboubital by the nwthods of
reference 1Y for surfues where space-urge effects
were aegligible. By this methes] the pebl at K, Fig
FC was ST HE v oem ansd that at & was 6.8 18
v om when the apgidicd potential was 9.2 kv, the value
for whivh ring and tilt were observed. With the same
potential, the clectric tickl at the emitter apex wa:
TAXHE v em, The latier fickl was cakulrted frem
Eq. D anl the olmerved value of the current density
siner guter charge near the apex prechaded use of the
metherds in reference 22, Apparently the difference in
iells betwern R amd R accounts for the olwerved
difereme in ring intensity in the emission pattern,
Fig. 10, at the correspomding points | and 3! whose
wark functions are similar.

It may be voncluded from this section that electrical
hreakdown was predictable under the experimental
comditions used in this work, Fasily recognizable
comdlitions (i, ring amd tilt) which preesde ane
formation have bren established and these appear to
he due to electron emission from the oathade in the
presence of high electric firld and high temperature.

Elertrical hreakdown occurred at a critical cureent
density J, of the order of 10* amperes ‘em?® for the
mivrmserond tield emission from clean tungsten in
high vacuum. lreakdown apparently resulted from
therm.! effects when the emitter was resistively heatedd,

2. Arc Pormation Witheut Cathode Bombardment
from lens Formed at the Anode

‘The electrical breckdown described in the previous
section was apparently initisted by thermal eflecis
when the emitter waa resistively heated. “The contri-
hution of other heat sources appeared negligible. (ne
such source, the homhardment of the cathade by
positive ions, was intentionally minimized. High
vacuum and, in some cases,! well-outgased electrmdes of
high melting point were used to minimize the production
of prsitive ions by field electrona. Direet evidence was
obtained from the fickl emisaion patterns (Fig. 2) tha
hombardment hy chemicslly active jons (and residual
gan) was negligible prior to breakdown. Other evidence
imlicating that jon Lambardment was negligible is seen

] | 4
-~ O mm

wrTYEn ¢ CETIER 2
-8
ETTER CNTTER 2

_ Frs, 8 (A, optical mimmq:‘-ul twin emitter zermbidy show-
ing emitter No. 1 amf emitier No. 2 as markedl. «#: electron mi.
cengraphs hefare use. (€} electenn micongraphe after use.

from the ohaerved dependeme of the breakdown on
current density. Rreakdown due to jon hombaniment
might more Ingically be expeetest 1o depend on total
voliage.! but this was not olwerved umler the present
conditions.

Although the evidence against the initiation of the
present hreakdown by pasitive jon bombandmeat of
the cathmie wan considerable, it was nevertheless
largely inelirect. It was recognized that bombaniment
of the cathade by chemically inactive dons might not he
recognized through their effects, if any, on the emission
pattern. That methad watild be particularly ineflective
for deterting jon hombardment along the emitter shank
{or resons which precluded an accurate evaluation of
the vurvent density in thoae areas in the preceding
sevtion of this paper. Furthermore, the useful features
of the emiwmion pattern weee destroyed during the
vacuum are [see Fig. 6(I] and any contribution
of jon hombaniment of the catiunle at that time must
be judged by other means. Experiments describedd in
thix and in the following sections of the present paper

oo ¢

@




1o vy Wt

ot RefE SN OMAR BN, VA D HVYKBest B .
were (weptormed fo darttet cvabnte sio b wating wiecha @ 3

of s usters fornwd i the esle was prechaded By use

siveas oot G iad dicing the breakedonon pres een, af & awdtage pobw whose time duration was <hort

Eaprrnments are dhoss rihwed e this section in whish sompared with the gap transit times of the materal in
vaonnn ar < e obaerved when gap thversad by ons question. A witable combination” ™ was a bomiers @
.
L N LU A
\
L
T
. .
»

821 smpene

j LR & 19

]
®

82 ampete

e
®
ek
L
' ®
Frc. 6. Faxt

‘xprerimental data as reconded during the operation of the twia cathaie shown in Fig. 5. (\) the combined emission
patiern of both cathades during direct curreat aperation. (8) the combined patiem with current and voltage oaciliographs during
Q-bod aperatinn with spece charge but without pre-arc annmalies. () ring sharrved concentric with emistion nettern fram cathode
No. 2, total current trace from both cathardes “tited.™ (I photograpte wlisined during sacuum arc. (K} the emission patiemn
{roivs ihe sutviving cathasle (No. 1) during Hee U current aperation after the arc of cathede No. 2.

“K.R.¢ , Vacwom Tubes (McGraw -Hill Book Company, Inc., New York, 194R),
® Geocge (1o be published).
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sccom! voltage pube and 8.35-om clectrbe sacing
fFig. 1} with voltages below 1t kv, Such an arrangement
excluded gap transit during the pulne time by jons which
were expected from sources such 2# aluminum from the
anode of oxypen of niteogen adiorbed thereon,

Thus operated, ring, tilt, and the clectrical breakdown
of emitter X-62 resulted at J, = IX ¥ amperes om’,
the corresponding values of current /7 and voluage 1
heing /=007 ampere, §"= X8 kv, The value of J, for
this emitter was juched from i's clectrical behavior
using Eq. (1) amd the methods o reference 1. By this
method, J, was known within a factor of 3 amd it is
noteworthy that thia value was in the range for which
breskdown wus obacrved for other emitters !

The data from other cmitters were similar when a
pulse length of SX1Y* sccond was usedd, and that
period was comsiclerably chorter than gp tremsit time
of the jons amd clusters noted above.

It is concluded that ring, tilt, and ar formation do
net require the bombaniment of the cathade by ions
or clusters from the anirk: miaterial or from its adanebed
groes under the present experimental conditions.
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3. Arc Formation With Microsecond Potentials of
Large Magnitude

Effects dlue to bombandment of the cathode by
prwitive jons weukl be expected (o increase with the
applicdl potential because of incrensedl bon energies.
AMthough that mechanism wax judgd nepligible in the
exprriments just described, it was postulated to account
for the “voltage effect’ ohaerved by Trump amd Van de
Graafft at higher voltages an! under experimental
vomlitions different from  those usel herein.  More
recently, however, pomitive jon cmission coefficients
have been found insutticient® for the proposed particle
exchange mechanism. !

It was thercfore desirable tn olsenve are formation
with the present techiigues amd at highet voltages
than those used previousdy.' For voltages in the range
5 122 HE) kv an emittor of tip mddivs of the onler of 100
cm wus required. Quite by cluit ve such an emitter,
X-62-4, wan formed in the experimental tube from
emitter X-62 when the tip of the latter was increased
in rmdiue 1o LAXH ¢ em during the vacuum arc
described in the preveding experiment.

o il o
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Tt wan 1 b jueathie to measure J, at w idely dhittersn
SRy amd werd ke, other oxperancntal
comdtbions taan wdentisal At the higher voltage, the
cittai et density L was ideatitied by the ring
wied tdt, aveshing anoan in oeder o ehtain electron
i pouraphs of the emitter, The resulting valur of J,
aus wuon, within M0 pereent, stad i i signiicant that
JEX U ampweres i, Wis b o
aerectient wath that which indtived the Jow aoltage
A i the same tube, e, Jo X amperes m .
Roth values are in the pamee found for other emitters.

Uhe eviwrin ital resulis were simifar when mioro-
sevotnd potentias up to 3Ly were applied to several
tiehl emitters i the poantao-plane typee tubes of
referenee 1, the electnode spacing being 9.2 an 1o 10
UM VTR NS,

Cattasle bombardment was not escluled by reason
of joz trensit time st the hagher voltages des pibed i this
sevtion. However, the breakedown ddish ot aggwsr to be
initiated by that process. Are initiation evidently de-
prasdid e current density s no veltageelfect wasobserved
for the clecirical breakdown of microsecond gmtential
under the present experimental conditions, the tatal
voltage range being 3+0 P20 Ly when previous data?
were included. Bt appears that the initiation of break-
down was again due to thermal effects aocompanying
resistive heating,

It shoubl he noted that the present data feom each
emitter were obtained from s total of alwut tae
hundreed individlual microsecom! current pubses. It s
not known whether or not other processes woukd initiate
hreakdown if the cathixle were repeatediy pulsed for
long perimds of time at the present voltage levels

The importance of clean surfaces and high vacuum
shoukl be emphasized. Unsler less favorable conditions,
breakdown was not predictabile and ocenrred generally
at lower levels of aperation.

4. On the Bombardment of the Cathode by lons
During an Arc

Rombaniment of the cathade by jons formed at the
anexde or in the residual gas was jurdged negligible during
an are or during its initiation based on evidence pre-
seated in the foregoing sections. Part of that evidence
was indirect. The fickl vmission pattern from clean
tungsten is not sensitive to the small amounts of
helium which an knewn to diffuse into evacuated
Pyrex envelopes from the atmesphere.™ lon bomband-
ment of & cathmde ctaring itx arc could not be detectest
from its field emawion pattemn since the uscful features
of the pattern were then destroved [see Fig, 6(1) for
example]. Evidence on the magnitude of the bombard-
ment of the cathade by jons formed from inert gas prior
tn are or from any source during ane is provided in the
fullowing experiment.

» Saul Dushman, Scirndife Foundntion of Vacunm Technigne
tJohn Wikey aml Sone, Tor, New York, 1980, p, $31.
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oot o hebd coethode o soniter the ettedts af s
during an ate at anether cathonle apprared teabie. A
spees inge between cothodes which was small i, 320,
compared to their spacime from o smumon anesle
Fig. Uy provided similiar probabilities for the bomlanl
ment of eash cathenle Bac bons from the anode. With sy
anende Yoe cathowde spaning of 3 om0 i roseod
applivd potential of 17 kv, gap tiversat by ions wis
pesssible durmyg the pulse Gie, The oathenles b
vearly ddentical geemetties Tl 3BT amd hene
nearly equal values of electrie Seld and current density
for a common sabie of the applicd fedeatial, Thic
arrangement was hosen for reasons whi s follow,

oo vaonum anc wis dsitinted by a surrent density
dependent medhinism, as supposasd, breakow i should
meur Best st that cathode swith the grostest cyrrent
density. I the ane invalved primarily cathesde phe.
nomeaa, it was revognized that an anc at one vathede
might not cause an are at the other. lo this event
cxamination of the emission pattem of the surviving
cathade would viehl ddirt evidence concerning the
magnitide of cathoade hombardment by chemically
active jons from the anmbe or the fadua! s during
A at the oher vathode, On the other lamd, if an are
at ope catien:  Bndated an are at the other at o lower
current densite bon that for which are was expested
at the latter cathade, then jon bombardment would he
suspected.

Two needle-shaped tungsten field emitters on o
common suppert filument [Fig. 3¢A)] were fabricated
by previously describied techniques.™ The two emitters
hael nearly identival cone angles after their simultancous
electralvtic eteh in normal NaOH [Fig. St81 ). When
the emitters were simultaneonsly heated in the experi-
mental tule during the ouggissing procedure bath
emitter tips were shapust into approsimate hemispheres
of nearly equal radii by the surface migration of ung-
stenon-tungsten,™ Flectron microgmphs of each emit-
ter were obtained after the experiment [Fig, 2¢O
‘That shown for emitter No. 1 was alse approximately
the grometry of emitter Ne 2 before it are, ns will
bie arguesd in the following,

When aperated in a Muelier projection tulse ¢Fig. 1),
emitter No. 2 supplid two-thinls of the total field
current. The mtio of currents from the two cathodes
wus determined by a densitonwetric analysis of the
photograph of their combined emission pattern prior
to are [Fig. 60C)Y ] The result was consistent with the
vurrent ratio found from a comparisn of the total
current from both catheddes prior to an [Fig. 6tA)]
with the current from the single surviving cathoke
Na. 1 after are [Fig, 6(EV), the compaerison being made
at a eommon value of the applicd potential.

The performance of the twin cathade during the
transition from fickl emission [ Figs. 6(A) t0 6(CY ], to
the vacuum are [Fig. 60107 is signitficant. Figure 6(A)
taken ot a small continnous curremt level shows the
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rent Jdeostte ab S OW 0 gmperes o b the croas
e tpss NN o The enattet pluhl(' 113 fl;! T By P
arrent Jenaty s ahout egual to the vilue requined 1o
ratse the e the emiitter 7 Bt its nuelting point in
ane mu Peseroied v of the saloulations presented
m Past e tias paper. The heat of fusion is smali,
A no Leree gmmonnt of material was vapopised during

sre judged from the oles tron i rogeephs ot by 7
The evileme imbivates that the resistive medhanism
wis besuante 1o acoamt Jor the heat requined by the
sdrenvod emitter deformstion during wrc, \pparently
energy wis not supplied Ly ather mechanisms a1 o
rate farge compuared with that of the resitive mecha-
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